Pseudomonas reinekei MT1 has previously been described to degrade 4-and 5-2 chlorosalicylate by a pathway with 4-chlorocatechol, 3-chloromuconate, 4-3 chloromuconolactone and maleylacetate as intermediates and a gene cluster channeling 4 various salicylates into an intradiol cleavage route has been reported. We now report that 5 during growth on 5-chlorosalicylate, besides a novel (chloro)catechol 1,2-dioxygenase, 6 C12O ccaA , a novel (chloro)muconate cycloisomerase MCI ccaB was induced which showed 7
INTRODUCTION 1
The aerobic degradation of chloroaromatic compounds usually proceeds via 2 chlorocatechols as central intermediates (24, 47) which in most of the cases reported thus far, 3 are further degraded by enzymes of the chlorocatechol pathway (44). This pathway involves 4 ortho-cleavage by a chlorocatechol 1,2-dioxygenase with high activity for chlorocatechols 5 (12) , a chloromuconate cycloisomerase with high activity for chloromuconates (54), a 6 dienelactone hydrolase active with both cis-and trans-dienelactone (4-carboxymethylenebut-7 2-en-4-olide) (54), and a maleylacetate reductase (MAR) (28). 8
However, it has become evident in recent years that microorganisms have evolved various 9 alternative strategies to mineralize chlorocatechols. P. putida GJ31 was found to degrade 10 chlorobenzene rapidly via 3-chlorocatechol using a catechol meta-cleavage pathway (33). 11
Two alternative pathways for 3-and 4-chlorocatechol degradation, which involve reactions 12 known from the chlorocatechol as well as the 3-oxoadipate pathway, have recently been 13 observed in Rhodococcus opacus 1CP (35) and P. reinekei MT1 (39). In R. opacus 1CP, 3-14 chloro-and 2,4-dichloro-cis,cis-muconate (the ring-cleavage products of 4-chlorocatechol and 15 3,5-dichlorocatechol, respectively) are converted to the respective cis-dienelactones (35, 58) 16 similar to the reaction described for proteobacterial chloromuconate cycloisomerases (54). 17
However, proteobacterial chloromuconate cycloisomerase can dehalogenate 2-18 chloromuconate (the ring-cleavage product of 3-chlorocatechol) and transform this compound 19 via 5-chloromuconolactone into trans-dienelactone (54, 65), whereas none of the described 20 chloromuconate cycloisomerases of R. opacus 1CP can catalyze such a dehalogenation, and 21 5-chloromuconolactone is the product of the cycloisomerization reaction (35, 58). Tris/HCl (50 mM, 2 mM MnCl 2 pH 7.5) over 15 ml (flow rate 0.2 ml/min, fraction volume 6 0.5 ml). The fractions containing high MCI ccaB activity (eluting at 10.5-11.5 ml) were applied 7 onto a MonoQ HR5/5 (anionic exchange) column (Amersham Pharmacia Biotech) and 8 proteins were eluted by a linear gradient of 0 -0.4 M NaCl over 25 ml with a flow of 0.2 9 ml/min. Homogeneity was verified by SDS-PAGE. trans-DLH was purified as previously 10 described (10). 11
Transformation of 3-chloromuconate by enzyme mixtures. Product formation from 3-12
chloromuconate by purified MCI ccaB and in the presence of purified trans-DLH was analyzed 13 by HPLC in assays performed at room temperature in 150 µl Tris/HCl (50 mM, 2 mM MnCl 2 , 14 pH 7.5) with 120 µM 3-chloromuconate as substrate. MCI ccaB was added to give an activity of 15 53 mU/ml (determined by the transformation of 100 µM 3-chloro-cis,cis-muconate), 16 corresponding to 8.8 nM MCI ccaB , whereas trans-DLH was applied in amounts ranging from 17 1.32 -1320 mU/ml (determined by the transformation of 50 µM trans-dienelactone), 18 corresponding to 0.88 -88 nM trans-DLH. 19
Determination of molecular mass. The molecular mass of MCI ccaB was determined by 20 gel filtration using a Superose 12 column as described above. The column was calibrated for 21 molecular mass determinations using ovalbumin (43 kDa), aldolase (158 kDa), catalase (232 22 kDa) and ferritin (440 kDa) from Bio-Rad. 23 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from Electrophoretic methods. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was 1 performed on a Bio-Rad Miniprotein II as previously described (32) with acrylamide 2 concentrations of 5 and 10 % w/v used for the concentrating and separating gels, respectively. 3
The proteins were stained with Coomassie brilliant blue (Serva). PageRuler Protein Ladder 4 (Fermentas) was used as a marker. 5
Amino acid sequencing. N-terminal amino acid sequences were determined as described 6 (26). 7
Identification of the gene encoding muconate cycloisomerase MCI ccaB of strain MT1. 8
Part of the gene encoding MCI ccaB was amplified by PCR using degenerate primers NT1B: 9 WSNCARGGNTTYGTNATCGG and NTREV2A: AANWSCATNCKDATNGGCTG, 10 which were designed based on the determined N-terminal protein sequence (underlined) 11 SQGFVIGRVLAQRLDIPFSQPIRMSFGTLD. Touchdown PCR consisted of an initial 12 denaturation (94°C for 4 min), followed by 10 cycles of denaturation (94°C for 45 s), 13 annealing (60 °C for 30 s -1 °C per cycle) and elongation (72°C for 30 s), followed by 25 14 cycles with an annealing temperature of 50°C for 45 s, and a final elongation step (72°C for 7 15 min). A 72 bp fragment was obtained, cloned into pGEM-T Easy vector (Promega), 16 transformed into E. coli XL10-Gold (Stratagene) and inserts of clones generated were then 17 sequenced. The deduced amino acid sequence matched that of the N-terminal amino acid 18
sequence. 19
An extended part of the gene encoding MCI ccaB was amplified by PCR using the primers 20
MCIB1:
GCAACGGCTGGATATACCTT and MCIBR2: 21 GTRTCGCCRCTSGCSARCGTCC, which were designed based on the DNA sequence 22 generated above and a protein sequence WTLASGDT identified by protein sequence 23 alignment to be conserved in proteobacterial muconate and chloromuconate cycloisomerases. 24 on November 13, 2017 by guest http://jb.asm.org/
Downloaded from
Touchdown PCR conditions included 10 cycles as described above, followed by 25 cycles of 1 an annealing temperature of 55°C. An approximately 400 bp fragment was obtained, cloned 2 and sequenced as mentioned above. The DNA sequence matched the sequence deduced from 3 the N-terminal sequence, clearly confirming that the cloned PCR product corresponds to part 4 of the gene encoding the MCI ccaB . 5
DNA isolation, fosmid library construction and identification of the cca gene cluster. 6
Preparation of the fosmid library in pCC1FOS, which comprised a total of 282 individual 7 clones was previously described (9) . The fosmid library was screened by PCR using primers Inc., Natick, Mas.) based on Michaelis-Menten kinetics using the kinetic constants 21 experimentally determined here or previously (9) and assuming a constant concentration of 22 enzyme and zero order kinetics for oxygen and NADH. 23 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from Analytical methods. High-performance liquid chromatography (HPLC) was performed 1 as previously described (9) . 2 Chemicals. 3-Chloro-, 4-chloro-, 3-methyl-and 4-methylcatechol were obtained from 3 Helix Biotech (USA). 2-Methyl-, 3-methyl-and 3-chloro-cis,cis-muconate were freshly 4 prepared from 3-methyl-, 4-methyl-and 4-chlorocatechol, respectively, in Tris/HCl (50 mM, 5 pH 7.5, 2mM MnCl 2 ) using chlorocatechol 1,2-dioxygenase TetC of P. chlororaphis RW71 6 (45) or partially purified C12O salC free of muconate cycloisomerizing activity. cis-7 Dienelactone was kindly provided by Walter Reineke (Bergische Universität -8
Gesamthochschule Wuppertal, Germany) and Stefan Kaschabeck (TU Bergakademie 9
Freiberg, Germany). Protoanemonin, 2-chloro-cis,cis-muconate and trans-dienelactone were 10 prepared as previously described (4, 48). 11 12
13

RESULTS
14
Characterization of a cycloisomerase transforming 3-chloromuconate into both cis-15 dienelactone and protoanemonin. Two muconate cycloisomerases, both transforming 3-16 chloromuconate into protoanemonin, besides minor quantities of cis-dienelactone had 17 previously been characterized from P. reinekei MT1 and the encoding genes had been 18 localized (9) . However, during growth on 5-chlorosalicylate, the presence of a distinct 19 enzyme capable of transforming 3-chloromuconate was evident. This enzyme, termed 20 MCI ccaB eluted at 0.25 ± 0.04 M during HIC and, as previously indicated (39), approximately 21 equal amounts of protoanemonin (50 ± 3 %) and cis-dienelactone (47 ± 5 %) were formed 22 when proteins of such fractions were supplemented with 3-chloromuconate. As the formation 23 of such product mixture was not previously observed by any muconate or chloromuconate 24 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from 13 cycloisomerase, the respective enzyme was purified to homogeneity. The native molecular 1 mass of MCI ccaB was estimated by gel filtration to be 350 ± 20 kDa and a single band of 43 ± 2 3 kDa was observed on SDS-gels. Thus MCI ccaB , like muconate cycloisomerase of P. putida 3 PRS2000 (21) or chloromuconate cycloisomerase from C. necator JMP 134 (22) , may be a 4 homo-octamer.
N-terminal amino acid analysis 5 (SQGFVIGRVLAQRLDIPFSQPIRMSFGTLD) revealed no significant similarity when these 6 sequences were compared to sequences of other cycloisomerases available in databases. 7
Of the substrates tested, only 3-chloromuconate and 3-methylmuconate were transformed 8 with high activity by this enzyme. The highest turnover rate, 10-fold higher than with 3-9 methylmuconate was observed with 3-chloromuconate (Table 1) . However, specificity 10 constants of 3-chloro-and 3-methylmuconate were almost equal, due to the significantly 11 higher K m value with 3-chloromuconate. Activity of the enzyme with muconate was 12 negligible and at a substrate concentration of 0.1 mM substrate, the activity was only 0.4% of 13 that with 3-chloromuconate. Thus, from the substrate utilization profile, MCI ccaB is clearly 14 different from previously reported muconate cycloisomerases, which are characterized by 15 their high activity with muconate (53, 54). It also differed from MCI salC of MT1, which has 16 previously been characterized to be adapted for the turnover of 3-methylmuconate (9) but 17 retained a significant activity with muconate. MCI ccaB was practically inactive with 2-18 chloromuconate, which is transformed at high rates by most proteobacterial chloromuconate 19 cycloisomerases described thus far (31, 63, 64). 20
The fact that purified MCI ccaB transformed 3-chloromuconate stoichiometrically into 21 equal amounts of protoanemonin and cis-dienelactone contrasts all previously described 22 cycloisomerases, which form either protoanemonin (muconate cycloisomerases) or cis-23 dienelactone as the predominant product (chloromuconate cycloisomerases) (4, 39, 53, 54, 24 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from 58). Following 3-chloromuconate transformation over time showed that both products were 1 formed in a constant ratio, indicating that the reaction mechanism was independent of the 2 substrate concentration. 3
It has previously been shown that trans-DLH of strain MT1 interferes with the 4 cycloisomerization of 3-chloromuconate catalyzed by MCI salC (39), an enzyme encoded by 5 the sal cluster and induced during growth on chlorosalicylates (9), and it was suggested that 6 trans-DLH acts on intermediate 4-chloromuconolactone to form maleylacetate thereby 7 preventing protoanemonin formation. To validate that trans-DLH can similarly interact with 8 MCI ccaB , 3-chloromuconate (0.12 mM) was transformed by enzyme mixtures comprising 9 MCI ccaB (8.8 nM) and varying amounts of trans-DLH (0.88 -88 nM). As previously observed 10 for MCI salC (39), the simultaneous presence of trans-DLH decreased the amount of 11 protoanemonin formed (Fig. 1) , but did not influence the extent of cis-dienelactone formation, 12 which was always 47 ± 5% of substrate transformed. 13
Characterization of a catechol 1,2-dioxygenase specifically induced during growth 14 on 5-chlorosalicylate. As during growth on chlorosalicylate a muconate cycloisomerase was 15 induced, which was not encoded by the previously described cat or sal gene clusters (9) , it 16 was assessed whether a distinct catechol 1,2-dioxygenase was also induced under such 17 conditions. In fact, catechol 1,2-dioxygenase activity was observed in protein fractions of cell 18 extracts, eluting at 0.23 ± 0.01 M NaCl during anionic exchange chromatography, beside Kinetic data were measured directly in fractions, comprising C12O ccaA with a purity of at 4 least 95 % of total protein. Thus it can be calculated that maximum turnover rates with 5 catechol of 2375 U/g of protein correspond to activities of 2500 ± 100 U/g C12O ccaA and, 6 based on a subunit molecular mass of 29.424 kDa (as supposed for the predicted amino acid 7 sequence of C12O ccaA , see below), to a k cat value for catechol of 1.2 ± 0.05 s -1 (Table 1) . This 8 was approximately one order of magnitude lower than those previously reported for C12O catA 9
and C12O salD and of other previously analyzed proteobacterial catechol 1,2-dioxygenases (6, 10 37, 49, 51). A high turnover rate was observed only for 4-methylcatechol, and a comparison 11 of specificity constants k cat /K m showed 4-methylcatechol to be the highly preferred substrate 12 (Table 1) . A similar substrate profile has so far only been observed for C12O salD and contrasts 13 that reported for either catechol or chlorocatechol 1,2-dioxygenases (3, 6, 11, 45). However, 14 the degree of specificity of C12O ccaA was even more remarkable than that of C12O salD , as 15 specificity constants for 4-methylcatechol compared to those for catechol, 4-chlorocatechol 16 and 3-methylcatechol differed by a factor of 30-100. Surprisingly, activity of C12O ccaA against 17 4-chlorocatechol was rather poor and similar to that of previously described catechol 1,2-18 dioxygenases (11, 30, 38, 51). screening of a fosmid library of the genome of strain MT1 using primers specific for the gene 2 encoding MCI ccaB and that encoding trans-DLH (10) showed that both genes were encoded on 3 the same fosmid, which contained an approx. 37.6 kb DNA fragment from MT1. 4
Sequencing of the insert revealed an approx. 5.100 bp region with five open reading 5 frames (ORFs) (Fig. 2) probably involved in the degradation of aromatic compounds by strain 6 MT1. One ORF, designated ccaB, contained the above identified 400 bp fragment encoding 7 part of MCI ccaB and can thus be supposed to encode MCI ccaB . The ccaB gene product showed 8 only moderate identity to proteobacterial muconate cycloisomerases (35 -42%), 9
proteobacterial chloromuconate cycloisomerases (33 -40%) or muconate and chloromuconate 10 cycloisomerases identified from Gram+ microorganisms (35 -37%), which in a phylogenetic 11 analysis, form separate branches with low sequence identity to one another (see Fig. 3 ). This 12 indicated that MCI ccaB of strain MT1 forms a new branch illustrating a distinct evolutionary 13 history. Upstream of ccaB, ccaA encoded an enzyme with a deduced N-terminal sequence 14 identical to that of the above characterized C12O ccaA protein. As observed for MCI ccaB , in a 15 phylogenetic analysis, C12O ccaA does not cluster with any of the previously described separate 16 branches observed in intradiol dioxygenases (Fig. 3) however only slightly lower sequence identity was observed with regulators of identified 4 function (40% of sequence identity with pcaR of P. putida PRS2000 involved in regulation of 5 protocatechuate degradation (50), and 39% sequence identity with pcaR of P. putida WCS358 6 (2)). 7
Downstream of ccaR, the previously described gene encoding trans-DLH (10) and 8 designated ccaC could be localized. The deduced product of the downstream ccaD gene 9
showed highest sequence homology with maleylacetate reductases, with highest identity 10 (59%) being observed with maleylacetate reductase TfdF2 of the 2,4-D degrading 11
Sphingomonas sp. TFD44 (60). 12
RT-PCR analysis of the cca cluster. Accumulation of transcripts of ccaA, ccaB, ccaC 13 and ccaD was measured during growth on 5-chlorosalicylate, salicylate and acetate (non-14 inducing negative control). When the relative expression levels between the target and the 15 reference gene (rpsL) were compared to those under noninducing conditions (at a ratio of 1), 16 significantly higher levels of ccaA, ccaB, ccaC and ccaD transcripts were observed only in 5-17 chlorosalicylate-grown (50-to 150-fold) but not in salicylate-grown cells (Fig. 4) quantified. Both catechol 1,2-dioxygenase as well as muconate cycloisomerizing activities 2 could be nearly quantitatively recovered (recovery was >90 % for catechol 1,2-dioxygenase 3 activity against 4-methylcatechol, and 85 -95 % for muconate cycloisomerase activity 4 against 3-methylmuconate). 5
Fractions of cell extracts of 5-chlorosalicylate grown cells eluting at 0.23 ± 0.01M NaCl 6 and thus containing C12O ccaA accounted for only 20 ± 5 % of the total activity against 0.1 7 mM 4-methylcatechol, whereas fractions eluting at 0.28 ± 0.02M NaCl and corresponding to 8 C12O salD accounted for 80 ± 5 % of the total activity against 0.1 mM 4-methylcatechol (see 9 Here we report the identification of a set of five genes which are located in a 5.1 kb 8 region of the genome of P. reinekei MT1 and that encode enzymes involved in the 9 degradation of 5-chlorosalicylate via 4-chlorocatechol (Fig. 6) . 10
In addition to trans-DLH encoded by the ccaC gene (10), this gene cluster comprised 11 genes encoding functional C12O ccaA and MCI ccaB proteins which were induced when the 12 strain was grown on 5-chlorosalicylate (but also on 4-methylsalicylate). The presence of three 13 distinct sets of (chloro)catechol 1,2-dioxygenases and (chloro)muconate cycloisomerases 14 raises the question of their function for the degradation of differently substituted salicylates in 15 strain MT1. On the one hand, the induction of C12O ccaA and MCI ccaB during growth on 16 chlorosalicylate indicates their involvement in the degradation of chloroaromatics. On the 17 other, C12O ccaA was found to be only poorly active against 4-chlorocatechol, the central 18 showed metabolic properties not yet reported for any cycloisomerase thus far, producing both 2 cis-dienelactone (as do chloromuconate cycloisomerases) and protoanemonin (as do 3 muconate cycloisomerases) (4, 39, 53, 54, 58). Studies on the mechanism of muconate 4 cycloisomerase have suggested that the reaction proceeds via an enol/enolate to which a 5 proton is added to form muconolactone (19), as depicted in Fig. 6 . Similarly, the formation of 6 protoanemonin from 3-chloro-cis,cis-muconate involves a protonation reaction, whereas in 7 the reaction of chloromuconate cycloisomerases with 3-chloromuconate, the corresponding 8 enol/enolate intermediate is not protonated but rather loses the negative charge by chloride 9 abstraction (29). Replacement of Lys169 of P. putida PRS2000 MCI, which is known to 10 provide the proton for the protonation reaction (19, 52), by alanine resulted in mutants that 11
were not able to form protoanemonin but rather formed cis-dienelactone (29). However, as a 12 protonating lysine residue is also conserved in chloromuconate cycloisomerases, like it is in 13 MCI ccaB , it was proposed that during the divergence of chloromuconate cycloisomerases from 14 muconate cycloisomerases the rate of chloride elimination from the enol/enolate intermediate 15 
